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The Need for an Expanded Definition of Glistening Surface g

.l
. INTRODY CHION .
flectromagnetic signals sotte red trom rough terrain include contributions B |

) L2 . .
trom clutter return ind multipoth return. T'hese two aspects can be describaot

B

veoretically if properties of tne terrain snch as the probability density function T
VIt for ine surtuce heyght distribution, the covariance matrix R, the variance in RO

. . 2 ) . ) S
strfuce helzat, T and the complex dielectrie constant characterizing the surface are R

[ auwncrous theoretical modets of KM wave scattering from rough sur-
G h, 0

B . N N . .
' all relate the normalivzed cross section of terrain to the toregoing

Poar e to s ol U rough surtaco,

b Bachgroand

fhe problem of scattering Drom terrain is o prianary mterest ot RADC/EEC.

-
Thiere heoo been s number of models developed which have represented the

snenomens mmvolvead m the scattering in different wavs,  Two miuddn elements common j
1o o1 the techmques woee the description of terrain features by the use of statistical RS

cstination theors nd the electromagnetic scattering formulation that incovporates

trie o statpstiesd resuits,

Cireveetved oo pablication Oy 100 1
e 1o the farege manber of references cried above, thev will not he tisted here, N
i ' o

Reedererme - e N0 ’ .
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Extensive descriptions of the various statistical and electromagnetic models '“.
. 7

can be found in earlier reporting. 6 In those models we have used the concept of

"glistening surface" (that part of the rough surface from which reflected waves can

reach the receiver for a given position of the transmitter and receiver) as des- oo

PR S Py PN

cribed by Beckmann and Spizzichino. ! Their expressions for the length and width

!

of the glistening surface were derived by making certain assumptions about the @

physical mechanisms occurring when EM waves are scattered from a rough surface.

PR Y.

Some general discussion of the models will be outlined here; further details are
presented in Appendix A. A computer program has been developed which has the

capability of calculating the coherent (specular plus direct) and incoherent multi-

t
L,. .

path power reaching a monopulse receiver from a beacon located over rough terrain. @

S

Discussions of coherence and the methods for calculating the coherent and incoherent
power are given in Appendix A. The results that were obtained are discussed in
terms of comparisons with test results at the Discrete Address Beacon System
(DABS) site. 8 A geometrical representation of the experimental conditions is

shown in Figure 1.

Bahar9 has obtained very general expressions for the normalized cross sec-

ol

tions (0°) of rough surfaces using the full wave approach. He has shown that when

2

the major contributions to the scattered fields come from regions of the rough

'
e

"

surface around the stationary phase points, the full wave solutions reduce to the

'
.

e Aok

physical optics solutions. In our models, the expressions for 0° are based upon

oo

DY ErY |

the physical optics approximations.

When the surface heights are normally distributed, the expression for ¢° used
in this study is one derived by Hagfors, 10 Barrick, 11 and Semenov. 12 When the
surface heights are described more accurately by a bivariate exponentialg tt_)len g°
135, H pave

indicated that the surtace heights for certain terrain are better described by multi-

is given by an expression derived in Ruck et al. © Two previous studies

variite probability densitv functions having bivariate exponential marginal densities.
This result comes from the use of the hvpothesis testing procedure (sece Appendix A)
developed to characterize height data.

Another rmiportant uspect is the inclusion of the effect of local shadowing.
Sancer's]:' shadowing function is used for normally distribuied surface heights, An
extension ot Brown s4 work accounts for shadowing in the cuse of exponentially

distributed surtface neights,

(Due to the lurge number of references cited above, thev will not be listed here.

see Retferences, page 30,0
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Figure 1. Specular and Diffuse Forward-Scatter F'rom a Rough - i

Surface and a Representation of the Glistening Surface e

-

1.2 'The Problem R
. .. 4

In the previous studies, the use of the Beckmann-Spizzichino definition in the -
application of the models to the DABS test conditions resulted in underprediction of : 'l :
the azimuthal angle uncertainty 0, and the associated diffuse power, particularly M.
at short ranges. As i result ve were led to an examination of the length defini- ]
tion for such conditions, A= an alternative, we chose to consider the entire cxtent x
of the antenna sepuaration as the surface contributing to the received diffuse power. 1

The defining relations for the two surfaces of integration are the following (see
Figure 1)

First there is the length as given by Beckmuann und Spizzichino, ! They deter-
mine the length by caleutating the location of the two end points of the glistening
surface. 1 or o homogencous surluce, the distunc.s from the end points to the
transmitter and recceiver f!.l, [.,v are hased on the respective hetghts HL

2 Ay r

H Y and
A
a roughness criterion (071 wnere 07 is the surfoee height variance ond T is the

coirelation length, Then,

B B PR o > ) = oy . PN DY WY S S - > PRI S




whe re
tan g = 20771,
Po

In the extended length definition, the entirve distince along the surtace between the
transmitter and receiver is included and, effcctively, Ll =1.,=U.
For both cases, Beckmann and Spizzichino's definition of width (W) of the

glistening surface 1s used:

CX 2 172
N, 3 t , ..
we e (Ma ) s g (AL L (2)
D Xl X2 P : Xl N ’ -
Here,
D = total ground distance from transmitter to receiver,
X1 = distance from transmitter to point on glistening surface,
X2 = distance from receiver to poit t on glistening surface.

When the extended length was included in the model it was found that better
The

experimental data was taken by Lincoln lLaboratory pex'sonm':l8 at the Discrete

agreement with the experimental data could be obtained with this version.
Address Beacon System (DABS) test site. The data used for comparison, bore-
sight azimuthal pointing direction as a function of range, has been processed to
remove the contribution associated with the fact that the mechanical and electrical
boresight directions do not coincide. The boresight pointing direction data was
divised into range bins and a local mean-azimuthal-pointing-direction was estab-
lished for each bin. Then, the standard deviation about the local mean was calcu-
lated. This standard deviation represents the azimuthal angular uncerwiny, v,
of their monoupuise cecelving antennd.  Following generally accepted usage, this
report contains three similar svmbols having distinct meanings. Cire should be
taken to distinguish v, ¢ , and g,.)

The angular uncertainty increases as the amount of diffuse multipath power
entering the recelver increases.  An expression relating 0, to the diffuse power
scattered into the receiver is given in Appendix A, It includes contributions from
noise 1n the svstem.

Figure 2 shows the diffuse power for the two theoreticul modeds und the results
based on the cxperiment, I'ne terrain data base allows comparison only for ranges
less than 60 km.  The oxiended definition of the glistening surfuce provides betier
overall agreement with the experimental dato, particulorly tor ranges R less than
45 kni.

heot the frhistening surbaee does not exi=t ond s there s peoditiase ey v i

el

t'or those range s, the Beckmoann snd Spizzichine definition aives “he

-4

4

g

s nddbad

K1 .
P ST TPV r Oy Y

1
PPY




PR ates U Stut 8 R B T % YT YT e T W v T T T e s = AR R e I T R 2

coavier s raere coobn e e s and reuires Ssonhe aldillonal L -

oent, - . e b e o that some siitonal cases waere thee-

D5 dls roenentia ueen w40, lnwse surfo.os were anifor sy with o

e i . SO peng e GEUInIon 1IN TNoSe ¢ases 1S sionlar 1o thaat

tor v el o o celineans 7 T Cape e tal das, o
& - q

CMPARISCN OF CUFF CE PIWER DATA AN RECULTS FROM THEORE T:CAL
MOTE €

54 TON e
=+ TENDED GS — — — o :
DAGS RESULTS X XX+

ou
o
Pt

E ;
3 - 2

< - 4 - .
- W3 -l~ o e R : e |

. iC 3¢ 50 el
RANGE (M) P

p . : .
- Cdeetre oo o harias s Beswrsen Esual dolistening Sucoooo,
. Cosrended ahsteninge relace, and DARS o Diffuse

- B I R RTIY

Cremy e aziarnatooed v and Hife s power vonish e s o - Y N

Crro e riens when e PR s anhi-sniZzicnmno Cennition s oused, Ths o re e
v s o= e grlisrendne - e 1o be Bomer o2 ent tar the fieosno o e
St ets AT Pt R e 0 SR T AN A S B SEER N £ A TR RS Y C !
") 3 vy
. St oot ikl [ I AR ST NS T, there s g
- N R ERTEE S USRI Sohsioan oS exoe b e e ety o e - -'.
e L ' e e Spnmttion Tt e e o i e o e .
. 4 - PRI [IEEN e Shoars e L e 0 N R 1 . )
5 [ Coaoanes s et ane B T .
) .
bod b : ~ 17 . | : co, K
i ! . ' R ] L . . s v S
L9
" , . L ™ Lo e f .
[ - ! P i Dot ot et
. ! N Y t ]




T' o _ 1
: 4
- -
S
LJ. . i
1 ]
4 significant 02 become narrower with peaks centered near the specular point loca- "
- . - . . . . . . - -
‘a tion. When the region over which 0° is large is not included in the glistening sur- o
' {
# face, the result will be correspondingly small diffuse power contributions and 3
- angular errors. A further point is that even for sufficiently large 02 values, there
T are likely to be 0° contributions from the surface areas excluded by the Beckmann-
‘ Spizzichino Ll and L2 values. J
These various findings provided the motivation for a study of the implications ~.
of using the conventional length definition and consideration of when it would not j
be satisfactory. : 1
d
L
k
T=158 114 . 4
SPECULAR AT 35KkM . -3
RECEIVER AT ORIGIN ...\1
o® ']
**_.f%
-
O\ ON
\\\ .
DO\
: \
L - l \
5 l\\ L
L‘ y\‘ 4 : .
b AN T AN
L Paonre sl v oo ol g Neross Lae vtiteney
L Senoorotteq, UL e
-
v .
E 1.3 ~ope
- 1™ St s ‘ i Ve tees . )
[ -
[ L e A ' e (R RS VIS S TR TR ! J
A
: b
E‘ - _‘!1
$ 1
b 4
)
-3
,0.1




P ——

WY,

YFor the pu-pos - .. this studv we selected a s¢0 Hf nominal conditions which -
were ussd in the = a; rity of cases.  In these repre=2ontative cases we consider

hormogereous surfaces where the hejghts are assuired 1 have a bivariate exponen-

tial dependence. The surfaces are considered to e cultivated terrain with complex ;
dielectric constant: 80 + j 9.0. For consistency with the nonuniform data base
cases, these results are also terminated at a range of 55 km, -

A wide range of results are presented. The first aspect is the consideration

of the senerality of the effects. IFrequencv, polarizatinn, surface height distribu-

tion, and antenna pattern are all allowed to vary., The next topic is a4 parametric .
2tudy llustrating the rfactors controlling the nee: tor the extended leagih,  Then, X
some spe.ialized conditions are (onsidered, Finallv, the overall question is - .:
assessed and additional topies which will be investigated in the future are outlined. e
o
E
.

2. GENFRALITY OF THE RESULTS -

Most of the cases treated in Hur main ~tudv avolve conditinns appropriate to

‘he DABS experiment,  In this first part of "ac¢ report we wii, shon rhat although the '; . "-i
results were rirst obtained for those conditions, thev are not Jinate |+ them and B
~irilar hehavior can be found yor a widh range o addizional conditions, o

In "3 =ection, the rough suvrtface 12 can=i e ced Uy e tonmaagens - o the mean ;
neroht 7 V. 0. The height o8 the tranamitter = 1200 00 a0 rhe helighs o the re- 1

cesver is 100, unless specifie D otherwize,

2.1 Surtace Height Distribution Fffects

The pvpothesis resting proccdure = deseribe D Appendic A were g0l 1o deter -
neine wle ther the terrain heights at vhe DABS o5t Site rore nearviv Y etther a
bivariat Guaussian or exponential fisteibution tun tisn, Fhe resalis of frese tests
t b e g better FiE o e bivaetate cxponenting fisiribaryen funs s A s a vesult,
ot af rhe o investizations on o oot of exten nag the Tepgth of the alistening
St e e this report are con foco 1 or exoonent il Hsoethutions an sur e e heights,
WL et et to Show TRt ar g sl phion e ot et G oattes t e el

oo ocwmoner by Heroahw 0 caera e betg s on b e the Beowonane, ov s Somzzl-
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Heights on oy Behavior for Both Definitions, Uniform
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Another set of results for 0, is presented in Figure 9 (horizontal polarization)
for the nonuniform surface (DABS data base) and various antenna height conditions.
The equivalent vertical polarization results are shown in Figure 10. Although
there is little effect when both antennas are close to the surface, there is some
when both are at a distance above the surface, The most significant change occurs
when the two antennas are at different heights. The extended length definition for
that case is considerably more affected than is the Beckmann-Spizzichino case.
The overall horizontal polarization behavior when the glistening surface is extended
1s analogous to the case for vertical polarization. Note that for all the antenna
configurations there is less azimuthal angle error for vertical polarization than
horizontal polarization.
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A decrease in azimuthal pointing error implies better tracking accuracy, and EPRE.
- -‘f
this aspect has been studied further, A computer program that simulates ground L :1
based radar detection and tracking of multiple targets was used to compare both i
molarizations interms of relative tracking performance., In the simulation, an M1 Lt
. - tm
radar is characterized as a one-dimensional rotating phased array with a threc- i :

pulse clutter cancellation system. The automatic tracker includes an -3 filter and

has =ix-target maintenance capabilitv. The environmental aspects include los-
normally distributed ground clutter, Ravleigh distributed noise, specular multipath
and terrain screening, Several track initiation and maintenance algorithms are
emploved. Monte Carlo technigues are used to calculate errors in range and angle

estimation of each target's position,

I'he resuits of these simulations show that, in general, the MT1{ 1 adar con mmore

easilv initiate and maintain track on multiple targets when the incident tield i

p 'A . . . . . . . - . .

- vertically polarized than when it is horizontally polarized. This is found 1o nold

b~ . ’ . .

- or various surface roughness parameters and several values of complex dielecirie .

s o e ‘ :

3 « conatant characterizing different classes of terrair, '
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The left hand pair of gruphs shows both glistening surface diffuse power results

for the two frequencies, with U.%: 10 m') and T= 500 m'), The right hand pair of -.“;—;

figures shows both glistening surface diffuse power results for the two frequencies,

with 02: 10 mz and T=100 m. The general similarity is clear, ‘; T ]

2.4 Aatenna Pattern Fifects M

- -

In Figure 12 we show the diffuse scattered power that results when two alter- @ )

native elevation plane antenna patterns are substituted for the DABS configuration. ) 1

The terrain is assumecd to be a uniform surfice and two levels of roughness are

considered, T 500 m with 02: 10 1112 and 02: 100 mz. The figure shows the in-

crease in diffuse power as a function of range when the glistening surface length is - _j

extended for both an isotropic elevation plane antenna pattern and a (3-‘-11-—" ) pattern. @ 4

It is clear that the results are equivalent for either pattern. The corresponding set

of recults for the DA BS antenna pattern cian be seen in Figures 13 and 14, In those ,

iigures the right hand side illustrations are the diffuse scattered power results for T

the conventional and the extended lengths respectively. Although these ranges ter- R 4

minate at 55 km, it is evident that the same results are present in this instance as .

occurred for the other two patterns. SRR,

ANTENNA PATTERN EFFECTS
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Figure 12, Antenna Pattern Ekiffects for Both Definitions With T. 500 ni and
02-10 m? and 0%= 100 m

L-,-‘--._.‘. Aaomc - A m koo PO i P o~




At A S st diar. R/t S St Ah Jaure Jesih At M e S fan v B = = T T Ty v‘r-rrrf-vw
o4
S
@ |
T4
1
TRAL TR Lo RANSE L T U LR S PR J
T o
75 1M "37”"} !
.,‘2 e
! +
4 .
' i——-—+ A R ':;"
9 20 30 40 50
“d
-
6 F —
i
16'2+‘;
T
ldm + + t +
9 20 30 40 50 9 20 30 40 50

Figure 13, Diffuse Power and 0, Behavior for the (ase of
Beckmann and Spizzichino Longtﬁ (1351.) Definition, T=300 m
and No Shadowing

AZIMUTHAL ERROR (DEG) vS RANGE (KM, DIFFUSE POWER (WATTS) VS RANGE (KM)
| "
o2+ o2 =M% IO T
i
4| 1072
O et el
9 20 3¢ 40 50 9 20 3 40 S0
.|O
o2l o2 iom° 19
! |
: 612
!
0o m 16I4 e —
9 20 30 42 %0 9 20 30 40 50
! WO T —
0z T 22+ 100M° F
10" 4 e
— ! Rk
-14 L
QO + ——— + + [Te) e
9 20 30 40 5 9 20 30 40 S0 __!
E
Figure 14, Diffuse Power and U,; Behuvior for the Case of j
Extended Length (110 Definition, 'z 500 m sind No Shadowing -
E
{
b
21

~
po—_—, dudub - Cp] findesietinie g PO W DR DN PR PO "




4
4
4
L
4
k
0‘
"
|
i
i
i
1
{
i
R |

|

d

) 1

30 PARAMETRIC STUDIES J

In Section 2, we have shovws o the gsual definitien of oo mine surtace length )
can result in diffuse powers lovels that are conside bty diffo o fron the diffuse R

power at the receiver wien the cntire suriee between the anonnes 13 considered.
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I'o complete the discussion for T= 300 m, we want to consider whether there

is anyv significant difference 1n the effect of tocal shadowing when the alternative

definitions of the glistening surtface length are llaOd n the model. There is no .. :
clfect on dnlusc puwer or angulur vrror when 0 < 100 m”~ fm either definition. L
For 02 100 m™, there was o slight decreuse in 09 for R » 30 km. This cun be »

seen by comparing Figure 15 with the corrvesponding cuses 1n Figures 13 and 14, ;:-..;
Fals 1s consistent with the expectation that the effelts of shadowing would become j
more pronounced as 02 tnereases, since this corresponds to increasing the surfuce :

slope=. No =sipmificant dufference 1n shadowing effects can be attributed to the use

of tiwe parnealoe glistening surtuee definition, g
- P
AT T AL ERELE ZEGH, T RANCE 3
I -
foe BSL

! . - . . . R
S O S T igure 15, Comparison of
. : g ¢ shadowing Lffects for the T
Twao Definitions, T= 500 m, o
> .

- g 100 m”

+
i
Ly
e
’ y
T W)

- E |
%
.
.
s
- RS . . 2 .
Ce b e g et TS nower with o range for varidhle o7 values hiss been
et e e waeteale s corsclation lengthe We next want to consider the .
)
Loeo T Uie s ot o secend value, T 1580 T s This value was zelected
Al crrporis o S ol Lesdis for some ratios of 00T thet are equivalent to the ’!4
co i U0, s constant vtdo comparison will be diseussed in move doe- 3
Ve o, 20 The present discussion is just a general assessment of this o
s e s ns e ety length defimtions tnote that these results hice
1
Poen it ol breflvoan soction 200,
Per e ipeckpann and Spizziciino definition, Figure 4 shows the typical in- a2
) . 2 . e -
cseon s sl ndTuse power with incre: mmg . The shift in cutoff from 58 km 1
o 2 2 2 2 2 2 2 {
CoLh R Lot ccc s s T anerensses from g Im™tou 10m~. Foraog - 100 m
]
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Use o the extendoed Tenpt detinatiion re=salts it e cmanie T Lititi=c peose: - 5
snd cznmmthal uneertamy compared 1o the Bechniam ana ~presnonno o osos Do ®
LT_) 1 m_) and u': 10 m: tsee Fipure DY, Lo those values, the sphoron cbhsences .o
of angular uncertiinty at some ranges s removed, The diference 1s niost noees . :
able tor U'z; 1 111'). There wits no effect for antenna separations less than 55 koo an E 5
the Beckmuann-spizzichino results while full integration snows that actually there 15 —- -3
alwuyvs angular error present.  Of particular interest is the case for Uzr 100 mz. o 1
For that case, the two definitions have different results only tor R < 18 km. bor
- greater distances, the Beckmunn and Spizzichino definition vields glistening sur- ]
'_j face lengths that encompass the significant 07 regions und generate results equiva- K
- fent to the full integration cases. - 3
l‘ We close the discussion on the behavior at T= 158, 114 1. by examining the ® 1
P effects of shadowing. Comparison of Figure 6 with Figures 4 ond 5 confirms that
- again the effect of shadowing is the same for cither definition of glistening surfuce g
. lgngth. For both definitions, the shadowing results 1n a decrease in Yy only for
. 0%= 100 m? and then only for R - 20 kni. . 3
i
3.2 Results for Fixed 02 and Variable T
In this section the behavior of multipath effects are considered tor fixed values
ot U;) with varving T with the same set of conditions as in Scction 3,1,
ligure 16 shows the cha'nges in‘ 0[; as atunctionof range for the Beckmann- .‘.,:
Spizzichino definition when 02: 10 m“) and T is increase:d from 1 m to 500 m. As |
R increases, bevond 1 = 100 m, a cutoff in 0” occurs which then appears at successive -
’ Iv larger ranges. As T increases for the extended length definition (see Figure 171
V: there is a similar tendencv towards a decrease in OH at short ranges as | increases
but no cutoff occurs at any T value. The analysis of the difference in results is - 1
A similar to that introduced in Section 3. 1. . i
f_" The preceding discussion has been for the case where there is no shadowing SR
in the model, Figure 18 introduces the effect of shadowing for J“)= 10 mz and a - ]
- range of T values. For T=1m and T= 10 m there is an appreciab’e shadowing L
E,,‘“ effect. As T increases, the shadowing eftfect lessens and is significant mostly at _ -"4‘
4 longer ranges until for 1 = 500 m, there is no effect, The behavior is similar for '
both sets of glistening surface definition., ‘This can be seen bv comparing the two ]
T=10m curves of I'igure 18 with their respective unshadowed ones in I'igures 16 E
and 17, 4
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rhekabendn b,

Computations also were performed for the case of 02 =1 m2, and T varving 4-«,._::1
from 10 m, to 158. 114 m. 'I'hg behavior of 9y and‘ diffuse power vs range is ' 1
analogous to the case where 02 was fixed at 10 m™ and T is increased from 100 m
to 500 m. The coherent scattered power, though, is closer to flat surface conditions
. since 02 is less, Thus, the 00 curves have the corresponding oscillatory structure i
e superimposed on the general variation. The general comment can be made that, =04
for fixed 0°, the effect of shadowing decreases as 1 increases since this corresponds
to a decrease in surface slope (0/T). Also, the shadowing is more pronounced at i
longer ranges which represent smaller grazing angles. 3
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Phios ~ector. o btes the eftects on the EEM wave scattering o varvind i :
fransmitiing and receiving antenna heights, the erffects of uniforr vs nonunttror:, “
ireal terrain) rough surtaces and the behavior of the sum pattern coherent power :
as a function »f the svstem parameters, <. “1
o !

. . g

1.1 Altitude of Antennas -1
4

'

4.1.1 A UNIFORM ROUGH SURFACE

1,“. Y] :_"

In this section, it is assumed that the entire geological region is uniform, at .
5 .
zero mean height, that ¢7= 10 mz, T = 500 m, that there is no shadowing and that @ 1
the surface heights are exponentially distributed. In Figure 19, the effects of e

antenna height variations on 0, are shown for both length definitions. The first

column of graphs in Figure 19 corresponds to the Beckmann-Spizzichino length

case, and the second column corresponds to the extended length case.
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tror the Beckmann-Spizzichino length <teitmtion, the glvsoning ~uera o he oo ’
smaller as H'l‘ increases and the Ud curve develons a cutott, Winen bhotl hershts are —«...‘
increased, the length of the glistening surface aoproacts < zepo any thers o an 1
diffuse power nor J ) at any ramge.  For by extende et case, o, e e
power and ¢ decrease as either H’\ or “i 1s increasea, This res=uls oo e
attributatle t a decrease in the xn’t.t:h Seothe slistening <artace,
Figure 20 shows the behavior o!f the fiffuse power for the two <ur woe tvpe o - .1
and different relative antenna heighis, ['he extended length definiticn 12 used an - 1
no shadowing is present. The graphs on the right of Figure 20 show the unitorn: ST

and nonuniform surface results rfor the dual antenna height condition. The results
are quite similar., Those of the unifornm surface are slightly higheir rfor all ranges,

with the greatestdifference being at the vicinity of the dip at 12 km. "l1his dip iz 1ue

to local vanishing of the width of the glistening surface. or the low heisht cuse L
shown on the left, the two curves are again similar in behavior, witt the unitor, o d
P .l

surface generating slightly more diffuse power. The curves no longer show anv iocal

minima. Lowering the antenna heights increases the vaiue of 1’[)”‘.;. at ranges less

- 4
than 17 km, with a more rapid fall of{ with range bevond that point, This is nou ust "Q';
-~ 2

due to changing the specular point since the uniform surface case shows similav R

behavior. ]
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Figure 20, The Effect of Relative Antenna Heights
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Fioure 1 s complietely gnaiogous o Froure 10, except that the terrain charace-
teristies correspond ro an actual topographic data base (see Appendix A) instead of
L ulorn redion,

An examination f Figure 10 shows that for both definitions there are abrupt
ssetllations in plots of U vs R when both antennas are near the surface, ‘These
variations are due to rav blockage (global shadowing) ot the specularly reflected
rav ‘lue to the unevenness ot the terrain; the blocking results in abrupt variations
in the coherent sum si1gnal, and consequentlv in U . Consideration of the case where
both antennas are close 1o the surface in Figure 19 might suggest that there should
be several osciliations in 0., as R varies trom 10 km to 55 km. However, this is
not the case, because here the mean height of the terrain, Z ~ 60 m, whereas for
the unitorm region (Figure 1%) Z - 0 m. It will be shown in Section 4. 3 that, for
COH between 10 km and 55 km,

Next we consider the dual antenna heights case. For the Beckmann-Spizzichino

7. 60 m, there are only one Hr two oscillations in P

length case, the cutoff in ¢ as HT increases (see Figure 19) occurs for the non-
uniform region results also. Similarly, extending the length of the glistening
surface also results in a noticeable change in behavior of Oy for the dual heights
case,  ptanallv, tor both antennas at a large distance above the surface, the extended
length result tor the average value of 0,, vs R is approximately the same for the
nonuniform surtace as tor the unitorm region. This does not hold for the Beckmann -
Spizzichino case since there is now a significant extent of ranges for which (7(J is
detectable,

4.1.3  THE EFFECTS OF SHADOWING

The topic here is the effect of shadowing for the various heights and surface
conditions when both definitions of glistening surface are used. The top row of

graphs in Figure 21 show the results for ¢, with shadowing for the two types of

surface with both antennas close to the grognd. Since both definitions lead to
similar effects for that case, only the extended length results are shown. Compari-
son of these two graphs with their corresponding unshadowed results in Figures 10
and 14, reveals only slight decreases due to the shadowing with a slightly greater
«flect tor the nonunitorm surface. The second row of graphs in Figure 21 show

the result for Yy with shadowing for the nonuniform surface when both the antennas
dare at a large distance above the surface. Both definitions have been used. Com-
parison of these two results with the corresponding unshadowed cases in Figure 10,
confirms that there is no noticeable contribution from shadowing under either

definition for this antenna configuration,
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retative heights of the antennas are changed (DABS data bases. In both equal height
cases, the specular point and Fresnel zones tend to be ceniere.i between the two
antennas while the dual height case results ir specular revions close to the receiving

intenna, Thus, the substantially differvent belravior bevana 39 ki in that ingtance

“rvr" ' '

represents contributions to the cobierent powes from region s »aving a ifterent

-y

3

b, - (smocthev) sarface characterizatian irom the ~ther cases, i cenecral, the three

:' curves show reiatively rough surface behavior. The stuntin, ant difference being

- that ror the low herght case there iire =ome rav blockage i ooty nresent and some
rossthle multicath contributions at <hort ranges,  Thiz io <apoeerod by Figare 23,

. There, the 7 - 80 m cace shows tyiveos! sehavior for a anitare iat <wrface with the

- Antenns NAvIng e re i antennie e of the nenunioan. nse he unforn: sur -

ave remioves U rav BlooKage effecr s e Low aedenna Degri e
The remar g two curves o Fogmiee D8 Show e elie e iee herght varn -
2 . 2
ance, o, tor the antennas close to the o

*)
s osurtace waorh L o, Foru T 1007

S the coherent power shows larse ampiitan coooiiations for O 0 & 4 ontrast,

for the same conditions, the gual heigi o - o results 500 Fostttide of the

. Gerhiatioms being small and oot e e iU o oo ditteren o
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Figure 23, The Effect of 77 and ¢
i Coherent Power Behavior tor
A Uniform Surtace, 1= 30010 nd
L.ow Altitude Conditions
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can be explained in terms of the fact that the amplitude of the coherent power is «

complicated function of 0 sin ¥/ X where X is signal wavelength and sin = (HT—H X)/ R.
. t

Then, for a given 02. a lower transmitter height increases the oscillation amplitudes

and decreases the frequency of oscillation. Thus, only at large R values does the

effective surface roughness (0 sin #/ X ) become small enou h to cause oscillations

.

in the dual height case, while the roughness is alwavs =~ ficiently small in the low

.

height case. Note that, bevond the R 75 km point, no further oscillations are

shown. This is due to the fact that the large amplitude and low frequency «f the

YT 'y

oscillations are incompatible with anv additional plotting within the scale »f the T
figure. In contrasi, the curve for ¢~ - 100 m~™ demonstrates that a sufficiently hish R
variance in surface height preserves rough surface behavior ¢ven for the low height o)
case, L. ;

R
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3. SEMMARY AND CONCLUSIONS

To summarize the results of these studies, we start with Jdiscussions of the
W, 1) aspects, First, there is the behavior of 02 as a function of the surface
distance from the receiver, It is tound that, tor both types of surface height
distribution, graphs of ¢® vs range, tor a fixed transmitter location exhibit a peak
at the specular point for small o/T ratio (sce ligure 3), This peak becomes less
pronounced as the ratio {0/'1) becomes larger,

Next, for both exponentially and GGaussian distributed surface heights, the

behavior of the diffuse power § is a function only of the ratio (¢/1). The

DIVE
coherent power, PCOH is a function onlv of 0/X. The azimuthal angle pointing
error, 0, is a function of both PL‘OH and PI)IFF' For all altitudes, the effects of

extending the length of the glistening surface on the behavior of P and 0, vs R

DIFF
becomes more pronounced as the ratio v/1 becomes smaller. For small o/T and

both the dual height and high height antenna conditions, differences in P . of as

DIFF
much as 50 dB have been observed. For these cases, the Beckmann-Sp[izzi[chino
definition of length may be such that the glistening surface does not include those
regions which contribute appreciably to 0° (see Section 1 and Figure 3). In contrast
to the Pl)!F P behavior, as the ratio /T becomes smaller the effects of shadowing
become less pronounced for the two surface height distributions,

The second area of discussion is that of the two glistening surface length defi-
nitions., Consider the effect of antenna height. For the Beckmann-Spizzichino
length case, the length of the glistening surface becomes smaller as either the
height of the antenna or the height of the transmitter is increased, Hence, using
the extended length definitions changes the behavior of PI)II"I" and 0, vs R for either
the dual or high height conditions, while both definitions lead to equivalent results
tor the low height case,

Some length results do not depend on relative antenna heights or surface height
distribution,  First, the effects of extending the length of the glistening surface are
more pronounced at short ranges than at long ranges, Second, extending the length
»t the ghistening surface has no direct influence on the effects of shadowing, Also,
tor both length delinitions, the effects of shadowing are more signiticant at longer
ranges tsrmaller grazing angles),

Another bistinet area is that of coherent power,  For small and moderate values
g, there are oscillations an P(ﬂ” vs R due to constructive and destructive inter-
‘erence between the direct ray and the specularlv reflected rav. The oscillations in
}J(:”“ increase in amplitude and decrease in frequency as R increases, The result
toihis 15 that corresponding oscillations appear in the variation of v vs R if there

s sufticient diffuselv scattered nower, A ddifferent coherent power phenornenon is
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Atthoush the Do a0 the shadowing Dunctiop fopr the ry o e o g e o .‘
Soatritbution 15 Hiterent, these studies show that the efte s 3 - adosn o "‘i,:v s R
R | <

et Y AN the Two nstaness are aqualitatively stmilar if sl othar pararieiess are
;

caqual,  This simitarity i3 albso tound in comparimg the resubls ol the two fengithe Hf

Jitatenings surface,

The final area of dizcussion is the polarization of the signal, Phe etfects of

cxrending the length ot the glistening surtace on b2 and ¢ tor horizontal

DL E
nolarization are completely analogous 1o those ior vertical polarizatinn,  The studies
lead to the gereral assertion that there 1s less diffusely scattered cawer and hence <
creater angular tracking accuracy when rhe incident el s e treaney paldarvizesd,

The re=alts of the corroborative analvais of this aspect allow o “urther condlusian,

‘hau the entects of specular multipath for vertical polarization resalt 1 better L.
‘raviking performance of an MU radar svstem, This was ‘ourd to bBe toae at beth 1

fo-bund and S-band trequencies,

We have discussed the ranges of terrain statistics and svstem parameters tor

which the usual definition Hf glistening surface jength may tead toe sigrotficant under - :

.

estimation of the qdiffuse scattered power and azimsuthal pointimg »reor, the mag-

Rl d
*

P. - . . .- . . . .
- situde o the elfects assorated with different radar or terrain chara-cieristics has .

S .
E' . also been assessed, A number of alditional aspeats remain to he resolved,  In the

‘ 'l' present study the width of the glistening surtace wasz deterrsined by the Bocamant - ' )

Spizzichino relation., Inasmuch as the length definition has nroven o be nadequatc,
t

T

i omany cases it mav also be true that removing the width - onstraint may alter the

results of the scattering,  This can be explored by incltuding an azirnuthal variation -

in ¢° in the calcuiations. Aaother aspect that will be investigated 1= the depree of

s

b B
" N

4

sengitivity of the resultsto changes inthe dielectric constant assipned to given

surface features, This would correspond, for example, to consideration of the

Ol TR 4

ctffect of moisture content in the soil.
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Appendix A

Scattering Model

The results of this studv were obtained from a sophisticated model describing
the multipath effects associated with scattering of a signal by rough terrain. This
mode! includes such factors as: (a) azimuthal and elevation power patterns of a
monopulse receiver (see Figure Al); (b) the spatial nonuniformity of the rough
earth; (¢) nonuniformities in the glistening surface; (d) possible multiple specular
reflection points due to unevenness in the surface; (e) the surface height distribu-
tion characterization and (f) both global and 10cal shadowing effects.

The program normally uses svstem parameters associated with the I.-band
Discrete Address Beacon System to allow comparisons with experiment. These
are defined in Table A1l and Figure Al. External inputs include the complex dielec-
tric constant for each surface area, the coordinates of the monopulse receiver,
the velocity and initial and final position of the aircraft containing the transmitter,
and a parameter to control the effects of shadowing.

The description of the model may be divided into two major topics. These are
the techniques required to assign appropriate statistical properties to the terrain
and the specifics of the electromagnetic formulation. Each of these aspects re-
quires some discussion.

There are several surface feature contributions int* model. Analyses of the
scattering from rough surfaces consider the surface heights in the region as pairs
of scattering elements and in most cases, including this study, assume that the
height distribution can be described by either a bivariate Gaussian or exponential

probability density, These two bivariate densities have the forms:

37




L ¥ . @ ‘
P S AA.L‘.'.‘.“J

f

PO VO T

!
[

ag

X o X
AJM L THOANGLE (DR

PR

i
®
o T

! i Vo TP
< -4
z i

vl 20 40
Al MUTH ANGUE DEG

Y] 1 . e
o \ "‘I
— A 1 <
-l"‘ o
z S0 4 ‘
60~ 1 ]
0. P o ]
60 40 20 O 20 40 60 A
VERTILAC ANGLF (DEG) L
y iGaussiand S

2 . 2
3 1 (/.1 -ul) 2C (L] —“_11(/.2 RN VO I DO -;;‘{) ] T
2]

9 I R

7 7 2(,‘(2.1 -;Ll)u’,zruz)‘ "/2»“3)‘

ULy, dig) g —p=———= J€XP |- R v - '
1m o2 . 1 aT (1) 9

3 ~‘1

% p(Zl. 222) S T JexP| - s = =
27 0 | - (,2 2T (1 o7 J
[ (kxponential) -

TYE T
[+
=
Q
—

1
—~
N

Both forms have the same set of defining parameters, the mean height o, the

R 2 . . .
variance ¢, and the correlation function ¢,
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stnple alternative hvpothesis test is cquivalent to o minimun crror probubility
criterion where it is equally likely that cither density 1s the appropriate one,

For the comparison ol the scattering theory with the experiment, these tech-
niques had to be applied to the terruin at the eastern Massachusetts site. A duata
basce of topographic elevations for this areas 1s availuble at the Electromagnetic
Compatibility Analvsis Center (ECACY in Annapolis, Marvland, This was prepared
from digitized terrvain maps supplied by the Defense Mapping Agenev «DMA)Y.,  The
area of interest is divided into rectangular cells, cach with sides of about 2 km.,
Fach cell is further subdivided into o 10 by 10 grid of points.  The stutistical analv-
sis is then applied to the individual cells.

The statistical datu for cach cell hus been recorded on a computer tupe for use
with the program for the electromugnene analvsis,  LHach cell is represented by
seven descriptors. The first two entries are the (x, y) coordinates for the center
of the cell. Next is the geological code tdielectric constant) for the cell. (The
predominant feature is woods; there are a number of cells containing clusters of
lakes and ponds und a few town sites with assoclated cleared areas,) This is
followed by the mean and variance of the heights in the cell and the estimated corre-
lation length, T (the units of length are in meters).  The final quantity is the result
of the hvpothesis test,

The trajectory of the beacon aircraft is incorporated into the computer program
and at each range point for which a calculation is to be made the required cells and
their desceriptors are then identified.  These results, or in the gencerai case, the
cquivalent set of input parameters are then used in the clectromagnetic analysis.

The culculation of the electromagnetic fields has two distinet elements.  1Mirst,
the totul coherent electric field k at the receiver is calculated using the sum

COH
pattern of the receiver antenna in the following expression:

. -5 < ) I AkAR
E o ’T“‘Z‘igm T ] (A1)
] : ' J
where
li.r = direct path electric field at the recewver,
(ii(O m’ = gain of recciver in direction of multipuath ray, where ¢ m 1S
' the angle between the direct ray and multipuath ray,
R]. = attenuation factor affecting coherent reflected wave due to

surface roughness,

ry. = complex t'resnel plane wave reflection coefficient,
J
k = 2rn/Aa, and
AR = difference in path length between direct ray and retlected ray.
40
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The summation over j represents all possible speculav reflections (there may be

more than one, due to unevenness in terrain). Here, coherence means there is u

known phuase relationship between the LM field leaving the transmitter aund that

reaching the receiver.

The next aspect is that of the diffuse power.

pulse difference channel is calculated from the expression
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svstem processing losses,

transmitted power,

wavelength,

guln (power) of transmitter in azimuth (isotropic pattern),
gain of receiver in azimuth Wdifference pattern, Figure Al),
gain of transmitter in elevation (isotropic pattern),

guin of receiver in elevation (Figure Al),

elevation angle between boresight and point on glistening

surface for transmitter,

elevation angle between boresight and point on glistening

surface for receiver,
range between transmitter and point on glistening surface,
range between receiver and point on glistening surface,

element of area of glistening surface which is

illuminated by beacon,

azimuthul angle between boresight and point on glistening

surtace for receiver, and

azimuthal angle between boresight and point on glistening

surfuce for transmitter.
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“- oo the relative complex dielectric constant of the surface, s
L t’l = angle of incidence (with respect to surface normal), ]
?. ¢ . = angle of scattering (with respect to surface normal), L.
[ = 3
: ¢ i in M 4
L & Sine - siny o, <
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pronn the transnintier so et e portion ol ne glistening surloce that conteib e
o e diftuse madtpatn s o fong, nooerow stemp extending betheon te transnitter
and recenver, s assumpton allows us to make e approxunation that the

asamiutited Ssedterme angle 0 OLU, I'his results i the rejation:

. N Y
siere S - docal soodosing taacnon,
2
z 2 i~
| ( { N
—_— exp | - —— —
L2 V- 2

for o Gurassiun brvariste surtee neight probability densitv tunction ana

\IJ ) ‘rb'_l' “x

S e S IS SN B By -
g T V4

tor an exponential surtace heilght probability density functions The copoinciad

pairs of scettering elements in the natrix 8 b arce given hy
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with + similar expression for the horizontal-horizontal scuttering matrix elome:n:
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The Tl oesoect of 1he viodeed s~ e coir il g crrees e b b e -

cesudiie thut the spoevtral wadin ol e diffuse nadtupatn as aren s colnna e 1o

v+ bundwidth of the recever processor, nd that both norse power snd diffuse
naultipath power are Ravleigh distributed.  For the conditions ot the DABS Svstemn,
the decorrelation time of the diffuse multipath power 1s of the order of 1077 sec,
and the interpulse period is of the ovder of lU-b sec.  Also, for the DABS experi-
ment test site, the spectral width of the diffuse multipath power 1s of the order of
100 Hz, and the bandwidth of the receiver processor is about 5 ~ 10*1 t{z. ‘This
shows why even narrowband Doppler filtering cannot reduce the diffuse multipath
power 1n the radar resolution cell containing the target. Under these conditions,
the total amount of noiselike 1nterference Nl in the radar resolution cell containing
the signal is given by

—_ > "
Nl = ll)lH" + ‘\o (A5)
where

NO = Noise power from environment plus receiver.

The error, 09. in azimuthal angle pointing accuracy is given by the cxpression
of Barton and Ward: I

¢ g
U. 7 e (AAB)
® k ¥2STIR
o8}
W re
‘ i = azimuthal beamwidth,
S ik = 1’(.””/.\'l = signul tonterterence ratio in the difference channel,
... . = c¢oherent power in sum channel,
b - normalized pattern slope.
e, T Lt WL, and Mard, LR (1969 Handbook of Radar Meusurerment,

Lreivsood Cliffs, New Jersey, Prentice-Hall, Inc.
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MISSION
of
Rome Air Development Center

RADC plans and executes nesearch, development, test and
selected acquisition programs in suppont of Command, Control
Communications and Tntelligence (C31) activities. Technical
and engineering support within areas 0§ technical competence
48 provided to ESD Program 0ffices (POs) and other ESD “
elements. The prinedpal technical mission arneas are '
communications, electromagnetic guidance and controf, sur- 0
veilance of ground and aerospace objects, intelligence data ¢
collection and handling, information system Lechnology,
Lonospheric propagation, solid state sciences, microuwave
physics and electronic reliability, maintainability and
compatibility.
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